Cross section measurement of t-channel single top quark production in pp collisions at s=13TeV by Sirunyan, A.M. et al.
Physics Letters B 772 (2017) 752–776Contents lists available at ScienceDirect
Physics Letters B
www.elsevier.com/locate/physletb
Cross section measurement of t-channel single top quark production 
in pp collisions at 
√
s = 13 TeV
.The CMS Collaboration 
CERN, Switzerland
a r t i c l e i n f o a b s t r a c t
Article history:
Received 3 October 2016
Received in revised form 28 December 2016
Accepted 24 January 2017
Available online 29 July 2017
Editor: M. Doser
Keywords:
CMS
Physics
Top quark
The cross section for the production of single top quarks in the t channel is measured in proton–proton 
collisions at 13TeV with the CMS detector at the LHC. The analyzed data correspond to an integrated 
luminosity of 2.2 fb−1. The event selection requires one muon and two jets where one of the jets is 
identiﬁed as originating from a bottom quark. Several kinematic variables are then combined into a 
multivariate discriminator to distinguish signal from background events. A ﬁt to the distribution of the 
discriminating variable yields a total cross section of 238 ±13 (stat)±29 (syst) pb and a ratio of top quark 
and top antiquark production of Rt-ch. = 1.81 ± 0.18 (stat) ± 0.15 (syst). From the total cross section the 
absolute value of the CKM matrix element V tb is calculated to be 1.05 ± 0.07 (exp) ± 0.02 (theo). All 
results are in agreement with the standard model predictions.
© 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.1. Introduction
The production of single top quarks provides a unique testing 
ground for the study of electroweak processes, speciﬁcally the tWb 
vertex, as well as the measurement of the Cabibbo–Kobayashi–
Maskawa (CKM) matrix element V tb. The single top quark produc-
tion was ﬁrst detected at the Tevatron [1,2] and was studied at 
higher energies [3–6] at the CERN LHC [7]. At the LHC, the dom-
inant production mechanism of single top quarks is the t-channel 
process. The other two processes, W-associated (tW) production 
and production via the s channel, amount to roughly 30% of the 
total single top quark production cross section at 13TeV [8]. The 
t-channel production mode, presented in Fig. 1, has a very distinct 
signature because of the presence, within the detector acceptance, 
of a light quark recoiling against the top quark. The CMS collab-
oration has performed several measurements of this process us-
ing data collected at 
√
s = 7 and 8TeV [5,9,10]. This analysis is 
based on a data set obtained from proton–proton collisions at a 
centre-of-mass energy of 13TeV, corresponding to an integrated 
luminosity of 2.2 fb−1. The cross section calculation of t-channel 
single top quark production can be performed in two different 
schemes [11–13]. In the ﬁve-ﬂavour scheme (5FS) b quarks come 
from the incoming proton and the leading order (LO) diagram is a 
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Fig. 1. Feynman diagrams for single top quark production in the t channel: (left) 
2→2 and (right) 2→3 processes.
2 → 2 process (Fig. 1 left), while in the four-ﬂavour scheme (4FS) 
b quarks are not present in the initial state, and the LO diagrams 
are 2 → 3 processes (Fig. 1 right).
The next-to-leading-order (NLO) calculations with Hathor v2.1
[14,15] in the 5FS result in cross section values of
σt-ch.,t = 136.0+4.1−2.9 (scale)± 3.5 (PDF+ αS) pb,
σt-ch.,t = 81.0+2.5−1.7 (scale)± 3.2 (PDF+ αS) pb,
σt-ch.,t+t = 217.0+6.6−4.6 (scale)± 6.2 (PDF+ αS) pb,
for the t-channel production at 
√
s = 13 TeV of a top quark, an-
tiquark, and the sum, respectively. The above cross sections are 
evaluated for a top quark mass of 172.5GeV, using the PDF4LHC 
http://dx.doi.org/10.1016/j.physletb.2017.07.047
0370-2693/© 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
SCOAP3.
The CMS Collaboration / Physics Letters B 772 (2017) 752–776 753
prescription [16] for the parton distribution functions (PDFs). The 
uncertainties are associated with the renormalization and factor-
ization scale uncertainty as well as the PDF and αS uncertain-
ties which are calculated with the MSTW2008 68% CL NLO [17,
18], CT10 NLO [19], and NNPDF2.3 [20] PDF sets. Calculations at 
next-to-next-to-leading order (NNLO) [21] are expected to be dif-
ferent from NLO by only a few percent. Similar results are ob-
tained at NLO as a function of the centre-of-mass energy with 
next-to-next-to-leading logarithms (NNLL) considered [22]. In the 
analysis described in this letter, the separation between signal 
and background processes is achieved using a multivariate analy-
sis (MVA) technique. An artiﬁcial neural network is employed to 
construct a single classiﬁer, exploiting the discriminating power 
of several kinematic distributions. The cross section of t-channel 
single top quark production is determined from a ﬁt to the dis-
tribution of this single variable. Events with an isolated muon 
in the ﬁnal state are selected; the muon originates from the 
decay of the W boson from the top quark, either directly or 
through W → τν decays. No attempts are made to distinguish 
these two cases and the signal yield is corrected for the τ de-
cay contributions using the corresponding theoretical branching 
ratio.
2. The CMS detector and the simulation of events
The central feature of the CMS apparatus is a superconduct-
ing solenoid of 6m internal diameter, providing a magnetic ﬁeld 
of 3.8 T. Within the solenoid volume are a silicon pixel and strip 
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), 
and a brass and scintillator hadron calorimeter (HCAL), each com-
posed of a barrel and two endcap sections. Forward calorimeters 
extend the pseudorapidity (η) [23] coverage provided by the barrel 
and endcap detectors. Muons are measured in the range |η| < 2.4
using gas-ionization detectors embedded in the steel ﬂux-return 
yoke outside the solenoid. Matching muons to tracks measured 
in the silicon tracker results in a relative transverse momentum 
(pT) resolution for muons with 20 < pT < 100 GeV of 1.3–2.0% 
in the barrel and better than 6% in the endcaps. The pT resolu-
tion in the barrel is better than 10% for muons with pT up to 
1TeV [24]. A more detailed description of the CMS detector, to-
gether with a deﬁnition of the coordinate system used and the 
relevant kinematic variables, can be found in Ref. [23]. Monte 
Carlo (MC) simulation event generators are used to create sim-
ulated signal and background samples. Signal t-channel events 
are generated at NLO with MadGraph_amc@nlo version 2.2.2 
(MG5_amc@nlo) [25] in the 4FS. The tt and tW background pro-
cesses are generated with powheg 2.0 [26–29]. The latter is simu-
lated in the 5FS. The value of the top quark mass used in the simu-
lated samples is mt = 172.5 GeV. For all samples pythia 8.180 [30]
with tune CUETP8M1 [31] is used to simulate the parton shower, 
hadronization, and the underlying event. Simulated event sam-
ples with W and Z bosons in association with jets are generated 
using MG5_amc@nlo and the FxFx merging scheme [32], where 
up to two additional partons are generated at the matrix-element 
level. The quantum chromodynamics (QCD) multijet events, gen-
erated with pythia 8.180, are used to validate the estimation of 
this background with a technique based on control samples in 
data. The default parametrization of the PDF used in all simula-
tions is NNPDF30_nlo_as_0118 [33]. All generated events undergo 
a full simulation of the detector response according to the im-
plementation of the CMS detector within Geant4 [34]. Additional 
proton–proton interactions within the same or nearby bunch cross-
ing (pileup) are included in the simulation with the same distribu-
tion as observed in data.
3. Event selection and reconstruction
Events with exactly one muon and at least two jets are con-
sidered in this analysis. In addition to the presence of exactly 
one isolated muon, the signature of t-channel single top quark 
production is characterized by a substantial momentum imbal-
ance associated to at least one neutrino, a jet arising from the 
hadronization of a bottom quark (b jet) from the top quark de-
cay, and a light-quark jet — often produced in the forward re-
gion. Some events also feature a second b jet, coming from the 
second b quark in the gluon splitting (as shown in Fig. 1 right). 
This second b jet is often not selected for the analysis as the pT
spectrum is generally softer and broader than that of the b jet 
from the top quark decay. To select events for further analysis, a 
high-level trigger (HLT) that requires the presence of an isolated 
muon with pT > 20 GeV is used. From the sample of triggered 
events, only those with at least one primary vertex reconstructed 
from at least four tracks, with the longitudinal (radial) distance 
of less than 24 (2) cm from the centre of the detector, are con-
sidered for the analysis. Among all primary vertices in the event, 
the one with the largest scalar sum of p2T of associated parti-
cles is selected. The particle ﬂow (PF) algorithm [35,36] is used 
to reconstruct and identify individual particles in the event us-
ing combined information from the various subdetectors of the 
CMS experiment. Muon candidates are reconstructed combining 
the information from both the silicon tracker and the muon spec-
trometer in a global ﬁt. An identiﬁcation is performed using the 
quality of the geometrical matching between the tracker and the 
muon system measurements. The transverse momentum of muons 
is obtained from the curvature of the corresponding tracks. The en-
ergy of photons is directly obtained from the ECAL measurement, 
corrected for zero-suppression effects. The energy of electrons is 
determined from a combination of the electron momentum at 
the primary interaction vertex determined by the tracker, the en-
ergy of the corresponding ECAL cluster, and the energy sum of all 
bremsstrahlung photons spatially compatible with originating from 
the electron track. The energy of charged hadrons is determined 
from a combination of their momenta measured in the tracker and 
the matching ECAL and HCAL energy deposits, corrected for zero-
suppression effects and for the response function of the calorime-
ters to hadronic showers. Finally, the energy of neutral hadrons is 
obtained from the corresponding corrected ECAL and HCAL energy. 
Using this information, the muon isolation variable, Irel , is deﬁned 
as
Irel = I
ch. h +max[(Iγ + In. h − 0.5× IPU ch. h),0]
pT
, (1)
where Ich. h, Iγ , In. h, and IPU ch. h are, respectively, the scalar 
pT sums of the charged hadrons, photons, neutral hadrons, and 
charged hadrons associated with pileup vertices. The sums are 
computed in a cone of 	R ≡ √(	η)2 + (	φ)2 = 0.4 around the 
muon direction, where φ is the azimuthal angle in radians. The 
contribution 0.5 × IPU ch. h accounts for the expected pileup con-
tribution from neutral particles. It is determined from the mea-
sured scalar pT sum of charged hadrons IPU ch. h, corrected for the 
neutral-to-charged particle ratio as expected from isospin invari-
ance. Events are selected if they contain exactly one muon candi-
date with pT > 22 GeV, |η| < 2.1, and Irel < 0.06. Events with addi-
tional muon or electron candidates, passing looser selection crite-
ria, are rejected. The loose selection criteria are pT > 20 (10) GeV, 
|η| < 2.5, and Irel < 0.2 for additional electrons (muons) where 
the electron isolation has a similar deﬁnition to that of the muon. 
Jets are reconstructed by clustering PF particle candidates using 
the anti-kT clustering algorithm [37] with a distance parameter 
of 0.4. Charged-particle candidates closer along the z axis to any 
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Table 1
Event yields for the main processes in the 2-jets–1-tag sample. The quoted uncer-
tainties are statistical only. All yields are taken from simulation, except for QCD 
multijet events where the yield and the associated uncertainty are determined from 
data (as discussed in Section 4).
Process μ+ μ−
Top quark (tt and tW) 6837±13 6844±13
W+ jets and Z+ jets 2752±82 2487±76
QCD multijet 308±154 266±133
Single top quark t-channel 1493±13 948±10
Total expected 11390±175 10545±154
Data 11877 11017
vertex other than the selected primary vertex are not included. 
A correction to account for pileup interactions is estimated on 
an event-by-event basis using the jet area method described in 
Ref. [38], and is applied to the reconstructed jet pT. Further jet 
energy corrections, derived from the study of dijet events and 
photon plus jet events in data, are applied. Jets are required to 
have |η| < 4.7 and pT > 40 GeV. Once the jets have been selected 
according to the above criteria, they can be further categorized 
using a b tagging discriminator variable in order to distinguish 
between jets stemming from the hadronization of b quarks and 
those from the hadronization of light partons. The combined sec-
ondary vertex algorithm uses track-based lifetime information to-
gether with secondary vertices inside the jet to provide a MVA 
discriminator for b jet identiﬁcation [39,40]. At the chosen work-
ing point, the eﬃciency of the tagging algorithm to correctly ﬁnd 
b jets is about 45% with a rate of 0.1% for mistagging light-
parton jets [39]. Events are divided into categories according to 
the number of selected jets and b-tagged jets. In the following, 
categories are labelled as “n-jets–m-tag(s)”, referring to events 
with n jets, m of which are identiﬁed as b jets. The category 
enriched in t-channel signal events is the 2-jets–1-tag category, 
while the 3-jets–1-tag and 3-jets–2-tags categories are enriched 
in tt background events and are used to constrain the tt contri-
bution in the ﬁnal ﬁt. The 2-jets–0-tag category provides good 
sensitivity for the validation of the W+jets simulation. To reject 
events from QCD multijet background processes, a requirement on 
the transverse mass of the W boson of mWT > 50 GeV is imposed, 
where
mWT =
√(
pT,μ + /pT
)2 − (px,μ + px/ )2 − (py,μ + py/ )2. (2)
Here, /pT is deﬁned as the magnitude of pT/ which is the neg-
ative of the vectorial pT sum of all the PF particles. The px/
and py/ quantities are the pT/ components along the x and y
axes, respectively. In Table 1, the number of selected events is 
shown for the 2-jets–1-tag signal region, separately for events 
with muons of positive and negative charge. Except for the QCD 
multijet process, which is determined from a ﬁt to data and pre-
sented with the corresponding systematic uncertainties, all sim-
ulated samples are normalized to the expected cross sections 
with uncertainties corresponding to the size of the samples. The 
main backgrounds arise from bb, W+jets, and QCD multijet pro-
cesses.
To analyze the kinematics of single top quark production, the 
momentum four-vectors of the top quarks are reconstructed from 
the decay products, muons, neutrinos, and b-jet candidates. The pT
of the neutrino can be inferred from pT/ . The longitudinal momen-
tum of the neutrino, pz,ν , is inferred assuming energy–momentum 
conservation at the Wμν vertex and constraining the W boson 
mass to mW = 80.4 GeV [41]:
pz,ν = pz,μ
p2T,μ
± 1
p2T,μ
√
2p2z,μ − p2T,μ(E2μ/ET2 − 2), (3)
where
 = m
2
W
2
+ pT,μ · pT/ , (4)
and E2μ = p2T,μ + p2z,μ denotes the muon energy. In most of the 
cases this leads to two real solutions for pz,ν and the solution 
with the smallest absolute value is chosen [1,2]. For some events 
the discriminant in Eq. (3) becomes negative leading to complex 
solutions for pz,ν . In this case the imaginary component is elim-
inated by modiﬁcation of pT/ so that mWT = mW, while still re-
specting the mW constraint. This is achieved by imposing that 
the determinant, and thus the square-root term in Eq. (3), is null. 
This condition gives a quadratic relation between px,ν and py,ν
with two possible solutions, and one remaining degree of free-
dom. The solution is chosen by ﬁnding the neutrino transverse 
momentum pT,ν that has the minimum vectorial distance from the 
pT/ in the px–py plane. The top quark candidate is reconstructed 
by combining the reconstructed W boson and the b-jet candidate. 
In the 3-jets–2-tags category, the b-jet candidate is the one with 
the higher b tagging discriminator value while the more central 
jet is used to reconstruct the top quark in the 2-jets–0-tag cate-
gory.
4. Background yields and modelling
The event yields for the various processes, summarized in Ta-
ble 1, serve as the ﬁrst order estimate of the respective contri-
butions to the data sample. The main background contributions 
come from tt production and the production of W bosons in as-
sociation with jets. The validity of the MC simulation of these 
two processes is checked in data sideband regions enriched in 
these events. The modelling of the relevant kinematic variables for 
tt production can be checked in events with three jets, of which 
one or two are identiﬁed as stemming from b quark hadroniza-
tion (3-jets–1-tag and 3-jets–2-tags), where tt events constitute 
by far the largest fraction of events. The 2-jets–0-tag region is 
enriched in W+jets events and is used to validate the mod-
elling of the relevant variables for this background category. From 
these validations no indication of signiﬁcant mismodelling of ei-
ther tt production or the production of W bosons and jets is ob-
served. For the third important background category, QCD multijet 
production, reliable simulations are not available. The contribu-
tion from QCD multijet events is therefore suppressed as much 
as possible by requirements in the event selection and the re-
maining contamination is extracted directly from data. The mWT
is well suited to effectively remove events arising from QCD mul-
tijet background as the shape of the distribution is different for 
QCD and non-QCD processes. In addition, the transverse mass is 
used to determine the remaining contribution of the QCD multijet 
background in the signal region. For this purpose, the require-
ment on mWT is removed and the entire m
W
T distribution is ﬁtted 
using a maximum likelihood ﬁt. The resulting yield of QCD multi-
jet events is then extrapolated to the sample with mWT > 50 GeV. 
Two probability distribution functions are used to ﬁt the mWT dis-
tribution in data, one non-QCD distribution for all processes ex-
cept the QCD multijet background, including t-channel signal, and 
one QCD distribution. For the former, the different non-QCD pro-
cesses are added according to the MC-predicted contributions. The 
latter is extracted from a QCD-enriched data sample, deﬁned by 
inverting the muon isolation requirement, with Irel > 0.12. The 
expected contamination from non-QCD processes in this region 
The CMS Collaboration / Physics Letters B 772 (2017) 752–776 755Fig. 2. Fit to the mWT distributions in the 2-jets–0-tag sample (upper row) and the 2-jets–1-tag sample (lower row) for all events (left), for positively charged muons only 
(middle), and for negatively charged muons only (right). The QCD ﬁt template is derived from a sideband region in data. Only statistical uncertainties are taken into account 
in the ﬁt.
Table 2
Input variables used in the neural network ranked according to their importance.
Rank Variable Description
1 Light quark |η| Absolute value of the pseudorapidity of the light-quark jet
2 Top quark mass Invariant mass of the top quark reconstructed from muon, neutrino, and b-tagged jet
3 Dijet mass Invariant mass of the two selected jets
4 Transverse W boson mass Transverse mass of the W boson
5 Jet pT sum Scalar sum of the transverse momenta of the two jets
6 cos θ∗ Cosine of the angle between the muon and the light-quark jet in the rest frame of the top quark
7 Hardest jet mass Invariant mass of the jet with the largest transverse momentum
8 	R (light quark, b quark) 	R between the momentum vectors of the light-quark jet and the b-tagged jet.
9 Light quark pT Transverse momentum of the light-quark jet
10 Light quark mass Invariant mass of the light-quark jet
11 W boson |η| Absolute value of the pseudorapidity of the reconstructed W bosonis around 10%. Fig. 2 shows examples of the ﬁtted mWT distribu-
tions in the most important region, the 2-jets–1-tag signal region, 
inclusively and separately for events with positively and nega-
tively charged muons. For these ﬁts, only statistical uncertainties 
are taken into account. The validity of this procedure is tested 
on events in the 2-jets–0-tag category where the contribution of 
QCD multijet events is signiﬁcantly larger than that of the 2-jets–
1-tag region (see also Fig. 2). When feeding the results of this 
QCD multijet background estimation into the procedure to extract 
the cross section of single top quark production, an uncertainty 
of 50% is considered, which provides full coverage for all effects 
from variations in the rate and shape of this background contribu-
tion.
5. Signal extraction strategy
To improve the discrimination between signal and background 
processes, an MVA technique is used to combine the discrimina-
tion power of several kinematic variables into one discriminator 
value. In this analysis, a total of 11 kinematic variables are com-
bined into one single discriminator using the artiﬁcial neural net-
work NeuroBayes [42], implemented in the TMVA [43] package. 
The input variables are ranked according to their importance in 
Table 2. The importance is deﬁned as the loss of signiﬁcance when 
removing this variable from the list. The variable with the largest 
discrimination power is the |η| of the light-quark jet. This impor-
tance is due to the fact that the presence of a light-quark jet in the 
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Table 3
Scale factors from the ﬁt for the normalization of events with a 
positively charged muon for the signal process, the background 
categories, and the ratio of single top quark to top antiquark pro-
duction. The uncertainties include the statistical uncertainty and 
the experimental sources of uncertainty which are considered as 
nuisance parameters in the ﬁt.
Process Scale factor
Signal, t channel 1.13± 0.08
Top quark background (tt and tW) 1.00± 0.02
W+ jets and Z+ jets 1.11± 0.09
QCD multijet 0.86± 0.29
Rt-ch. 1.81± 0.19
forward direction is a typical feature of the topology of t-channel 
single top quark production. The second most important variable 
is the invariant mass of the reconstructed top quark, which dis-
criminates processes with top quarks, from background processes 
without any produced top quark. All input variables are validated 
by comparing the distributions in data with those in the simu-
lations. Simulated t-channel single top quark events are used as 
signal training sample, while simulated tt and W + jets events, as 
well as QCD multijet events from a sideband region in data are 
used as background training samples, weighted according to their 
predicted relative contribution. The neural network is trained on 
a subset of the simulated samples. Application on the remaining 
sample shows similar performance and no signs of overtraining are 
observed. The neural network is trained in the inclusive 2-jets–
1-tag sample for events with positively and negatively charged 
muons, and afterwards applied to the 2-jets–1-tag, 3-jets–1-tag, 
and 3-jets–2-tags data samples, each further split in two, depend-
ing on the charge of the muon. In categories with ambiguity, the 
most forward jet is considered as the recoiling jet in the multivari-
ate discriminator construction.
To determine the signal cross sections, binned likelihood ﬁts 
are performed on the distributions of the MVA discriminators. 
The background contributions are made up of three templates 
to account for: i) top quark production including tt and tW, ii) 
electroweak production including W+jets and Z+jets processes, 
and iii) QCD multijet production. The ﬁt is performed using the 
Barlow–Beeston method [44] which correctly accounts for limited-
size simulation samples. The distributions of the MVA discrimina-
tors in the signal region (2-jets–1-tag) and the two control regions 
(3-jets–1-tag and 3-jets–2-tags) are ﬁtted simultaneously. As the 
latter are dominated by tt events, including these control regions 
improves the precision of the tt contribution determination. The 
free parameters of the ﬁt are the scale factor for the normalization 
of the single top quark production, the scale factors for the nor-
malization of the background processes, and the ratio of single top 
quark to top antiquark production Rt-ch. . The background scale fac-
tors are constrained by log-normal priors with an uncertainty of 
10% for the top quark background, 30% for the electroweak back-
ground, and 50% for the QCD multijet background. The latter is 
motivated by the uncertainties in the QCD estimation from data, 
while the other two are determined by the uncertainty on the the-
oretical cross sections. The scale factors are deﬁned as
Si = Ni
Npred.i
, (5)
where Ni is the number of events after the ﬁt, N
pred.
i the predicted 
number of events and i the process category. Table 3 shows the 
results obtained from the ﬁt for events with a positively charged 
muon. The ﬁtted distributions are shown in Fig. 3.
6. Systematic uncertainties
The measurement of the cross section is affected by various 
sources of systematic uncertainties, which can be grouped into 
two categories, experimental uncertainties and theoretical uncer-
tainties. Several of the former category of uncertainties are con-
sidered as nuisance parameters in the ﬁt to the MVA discrimina-
tor distribution and are thus included in the total uncertainty of 
the ﬁt. To determine the impact of the sources of the remaining 
uncertainties, pseudo-experiments are performed. Pseudo-data are 
drawn from the nominal samples. Fits to the discriminator distri-
butions are performed with templates, including the variations in 
the shapes that correspond to systematic variations of one stan-
dard deviation. The difference between the mean values of the 
results from these ﬁts, and from ﬁts using the nominal shapes 
as ﬁt templates, is taken as an estimation for the corresponding 
uncertainty. The contributions from different sources are summed 
together with the method in Ref. [45]: the asymmetric components 
of each uncertainty are treated as the standard deviations of two 
halved Gaussian functions, and thus the convolution of the result-
ing distributions for all uncertainties is performed by making use 
of Thiéle’s semi-invariants.
Experimental uncertainties — included in the ﬁt
The following sources of systematic uncertainty are included in 
the ﬁt either through the applied Barlow–Beeston method or by 
using nuisance parameters in the ﬁt (proﬁled uncertainties). By 
variations of the default samples, two dedicated templates corre-
sponding to ±1 standard deviations of the respective uncertainty 
source are created. The ﬁt interpolates between these templates 
according to the actual value of the nuisance parameter.
• Limited size of samples of simulated events: To account for 
the limited number of available simulated events the ﬁt is 
performed using the Barlow–Beeston method, and the effect 
is therefore included in the total uncertainty of the ﬁt. To 
estimate the impact of the sample size the nominal central 
value is compared with the central value obtained without the 
Barlow–Beeston method. The latter effectively corresponds to 
assuming an inﬁnite size of the samples of simulated events.
• Jet energy scale (JES): All reconstructed jet four-momenta in 
simulated events are simultaneously varied according to the η-
and pT-dependent uncertainties in the JES [46]. This variation 
in jet four-momenta is also propagated to /pT.
• Jet energy resolution (JER): A smearing is applied to account 
for the difference in the JER between simulation and data [46], 
increasing or decreasing the resolutions by their uncertainties.
• The b tagging: b tagging and misidentiﬁcation eﬃciencies are 
estimated from control samples in 13TeV data [40]. Scale fac-
tors are applied to the simulated samples to reproduce eﬃ-
ciencies observed in data and the corresponding uncertainties 
are propagated as systematic uncertainties.
• Muon trigger and reconstruction: Single-muon trigger eﬃ-
ciency and reconstruction eﬃciency are estimated with a “tag-
and-probe” method [47] from Drell–Yan events in the Z boson 
mass peak. To take the difference in kinematic properties be-
tween Drell–Yan and the single top quark process into account, 
an additional systematic uncertainty depending on the number 
of jets in an event is applied.
Experimental uncertainties — not included in the ﬁt
• Pileup: The uncertainty in the average expected number of 
pileup interactions is propagated as a source of systematic un-
certainty to this measurement by varying the minimum bias 
The CMS Collaboration / Physics Letters B 772 (2017) 752–776 757Fig. 3. Neural network distributions for all (left), positively (middle), and negatively (right) charged muons normalized to the yields obtained from the simultaneous ﬁt in the 
2-jets–1-tag (upper), 3-jets–1-tag (middle), and 3-jets–2-tags region (lower). The ratio between data and simulated distributions after the ﬁt is shown at the bottom of each 
ﬁgure. The hatched areas indicate the post-ﬁt uncertainties.cross section by ±5%. The effect on the result is found to be 
negligible and is therefore not considered further.
• Luminosity: The integrated luminosity is known with a rela-
tive uncertainty of ±2.3% [48].
Theoretical uncertainties
• Signal modelling: To estimate the inﬂuence of possible mis-
modelling of the signal process, the default sample
(MG5_amc@nlo) is compared to a sample generated with
powheg, another NLO matrix-element generator. The effect 
of different PS models is estimated by comparing the default 
sample (MG5_amc@nlo interfaced with pythia) with a sample 
using a different PS description (MG5_amc@nlo interfaced to
herwig++).
• bb modelling: For the estimation of the uncertainty due to 
possible mismodelling of the tt background, the same proce-
dure as for the signal modelling is applied. The default sample, 
generated with powheg, is compared to a sample generated 
with MG5_amc@nlo to estimate the impact of the choice of 
the matrix-element generator, and the two PS models imple-
mented in pythia and herwig++ [49] are compared to esti-
mate the inﬂuence of the PS modelling.
• W+jets modelling: The impact of incorrectly modelled rela-
tive fractions of W boson production in association with heavy 
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Relative impact of systematic uncertainties with respect to the observed cross sections as well as the top quark to top antiquark cross section ratio. Uncertainties are grouped 
and summed together with the method suggested in Ref. [45].
Uncertainty source 	σt-ch.,t+t/σ obst-ch.,t+t 	σt-ch.,t/σ
obs
t-ch.,t 	σt-ch.,t/σ
obs
t-ch.,t
	Rt-ch./Rt-ch.
Statistical uncert. ±5.5% ±5.3% ±11.5% ±9.7%
Proﬁled exp. uncert. ±5.2% ±5.7% ±4.9% ±3.3%
Total ﬁt uncert. ±7.6% ±7.8% ±12.5% ±10.3%
Integrated luminosity ±2.3% ±2.3% ±2.3% —
Signal modelling ±6.9% ±8.2% ±8.5% ±5.3%
tt modelling ±3.9% ±4.3% ±4.5% ±4.0%
W+ jets modelling −1.8/+2.1% −1.6/+2.3% −2.5/+2.3% −1.7/+2.0%
μR/μF scale t-channel −4.6/+6.1% −5.7/+5.2% −7.2/+5.1% −0.7/+1.2%
μR/μF scale tt −3.5/+2.9% −3.5/+4.1% −4.7/+3.1% −1.1/+1.0%
μR/μF scale tW −0.3/+0.5% −0.6/+0.8% −1.1/+0.7% −0.2/+0.1%
μR/μF scale W+ jets −2.9/+3.7% −3.5/+3.0% −4.9/+3.8% −1.2/+0.9%
PDF uncert. −1.5/+1.9% −2.1/+1.6% −1.8/+2.1% −2.2/+2.5%
Top quark pT modelling ±0.1% ±0.2% ±0.2% ±0.1%
Total theory uncert. −10.7/+11.1% −12.2/+12.1% −13.6/+12.9% ±7.5%
Total uncert. −13.4/+13.7% ±14.7% −18.7/+18.2% ±12.7%
Table 5
Relative impact of the experimental systematic uncertainties included in the ﬁt with respect to the observed cross sections as well as the top quark to top antiquark 
cross section ratio. The impact due to the size of the samples of simulated events is estimated by comparing the central values obtained by applying or not applying the 
Barlow–Beeston method in the ﬁt. All other estimates are obtained by ﬁxing one uncertainty at a time and considering all others as nuisance parameters in the ﬁt and 
comparing to the uncertainty obtained when treating all uncertainty sources as nuisance parameters. These numbers are for illustration only, the uncertainty quoted for the 
result is the total experimental uncertainty from the ﬁt.
Uncertainty source 	σt-ch.,t+t/σ obst-ch.,t+t 	σt-ch.,t/σ
obs
t-ch.,t 	σt-ch.,t/σ
obs
t-ch.,t
	Rt-ch./Rt-ch.
MC samples size ±3.4% ±4.1% ±3.8% ±3.2%
JES ±4.1% ±4.7% ±3.5% ±2.1%
JER ±1.7% ±1.2% ±2.4% ±0.6%
b tagging eﬃciency ±1.9% ±2.0% ±1.8% ±1.4%
Mistag probability ±0.9% ±0.6% ±0.8% ±0.5%
Muon reco./trigger ±2.0% ±2.3% ±1.9% ±1.8%ﬂavour jets in the W+jets sample is estimated by varying the 
fractions of W+b and W+c events independently by ±30%.
• Modelling of the top quark pT: Differential measurements of 
the top quark pT in tt events [50] have shown that a harder 
spectrum is predicted than observed. Therefore the results de-
rived using the default simulation for tt are compared to the 
results using simulated tt events that are reweighted accord-
ing to the observed difference between data and simulation in 
Ref. [50].
• Renormalization and factorization scale uncertainty (μR/μF): 
The uncertainties due to variations in the renormalization and 
factorization scales are studied for the signal process, tW, tt, 
and W + jets by reweighting the distributions with different 
combinations of halved/doubled factorization and renormaliza-
tion scales. The effect is estimated for each process separately.
• PDF: The uncertainty due to the choice of PDFs is estimated 
using reweighted histograms derived from all PDF sets of 
NNPDF 3.0 [16].
Different contributions to the uncertainty on cross sections are 
summarised in Table 4. Several of the experimental sources of 
uncertainty are treated as nuisance parameters in the ﬁt which re-
sults in a single uncertainty of the ﬁt including also the statistical 
contribution. By ﬁxing all nuisance parameters the statistical un-
certainty can be obtained, including the uncertainty due to the size 
of the samples of simulated events. The contribution due to the 
proﬁled experimental uncertainties is derived by subtracting the 
statistical term quadratically from the ﬁt uncertainty. The break-
down of sources of uncertainty that are included in the ﬁt, listed 
in Table 5, is for illustration only. The estimates of the proﬁled sys-
tematic uncertainties are obtained by comparing the uncertainty 
of the ﬁt including all nuisance parameters with the uncertainty of 
the ﬁt where one source of uncertainty is kept ﬁxed while all oth-
ers are included via nuisance parameters. The impact of the size of 
the samples of simulated events is estimated as described above.
7. Results
The cross section for the production of single top quarks and 
the top quark to top antiquark cross section ratio as a result of the 
ﬁt are
σt-ch.,t = 154± 8 (stat)± 9 (exp)± 19 (theo)± 4 (lumi) pb
= 154± 22pb,
Rt-ch. = 1.81± 0.18 (stat)± 0.15 (syst).
A comparison between the measured ratio and the prediction of 
different PDF sets is shown in Fig. 4. With future data, this ob-
servable is expected to be sensitive to different PDF descriptions. 
Using the σt-ch.,t and Rt-ch. measurements, the cross section of the 
top antiquark production is computed as
σt-ch.,t = 85± 10 (stat)± 4 (exp)± 11 (theo)± 2 (lumi) pb
= 85± 16pb,
where the uncertainties are evaluated using the correlation matrix 
of the simultaneous ﬁt. This leads to the total cross section,
σt-ch.,t+t = 238± 13 (stat)± 12 (exp)± 26 (theo)± 5 (lumi) pb
= 238± 32pb.
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Fig. 4. Comparison of the measured Rt-ch. (dotted line) with the prediction from 
different PDF sets: CT14 NLO [51], ABM11 NLO and ABM12 NNLO [52], MMHT14 
NLO [53], HERAPDF2.0 NLO [54], NNPDF 3.0 NLO [55]. The PowHeg 4FS calculation 
is used. The nominal value for the top quark mass is 172.5GeV. The error bars for 
the different PDF sets include the statistical uncertainty, the uncertainty due to the 
factorization and renormalization scales, derived varying both of them by a factor 
0.5 and 2, and the uncertainty in the top quark mass, derived varying the top quark 
mass between 171.5 and 173.5GeV. For the measurement, the inner and outer error 
bars correspond to the statistical and total uncertainties, respectively.
Fig. 5. The summary of the most precise CMS measurements [3,5] for the total 
t-channel single top quark cross section, in comparison with NLO+NNLL QCD cal-
culations [22]. The combination of the Tevatron measurements [56] is also shown.
Fig. 5 shows the comparison of this measurement with the stan-
dard model (SM) expectation and measurements of the single top 
quark t-channel cross section at other centre-of-mass energies. The 
total cross section is used to determine the absolute value of the 
CKM matrix element |Vtb|, assuming that the other terms |Vtd| and 
|Vts| are much smaller than |Vtb|:
|fLVVtb| =
√
σt-ch.,t+t
σ th
t-ch.,t+t
,
where σ th
t-ch.,t+t = 217.0+6.6−4.6 (scale) ± 6.2 (PDF + αS)pb [14–16] is 
the SM predicted value assuming |Vtb| = 1. The possible presence 
of an anomalous Wtb coupling is taken into account by the anoma-
lous form factor fLV [57], which is 1 for the SM and deviates from 
1 for physics beyond the standard model (BSM):
|fLVVtb| = 1.05± 0.07 (exp) ± 0.02 (theo),
where the ﬁrst uncertainty contains all uncertainties on the cross 
section measurement, and the second uncertainty is the uncer-
tainty on the theoretical SM prediction.
8. Summary
A measurement of the cross section of the t-channel single top 
quark production is presented using events with one muon and 
jets in the ﬁnal state. The cross section for the production of sin-
gle top quarks and the ratio of the top quark to top antiquark 
production are measured together in a simultaneous ﬁt where the 
results are used to evaluate the production cross section of single 
top antiquarks. The measured total cross section, which currently 
constitutes the most precise result at 13 TeV, is used to calculate 
the absolute value of the CKM matrix element |Vtb|. All results are 
in agreement with recent theoretical standard model predictions.
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